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Summary. In this contribution, we discuss the multiscale modeling of sintering of hard metal,
which is composed of hard particles (WC) with a melted binder (Co). Numerical results are
shown for a coupled FE2 analysis involving homogenization of the consolidating compact.
1 INTRODUCTION
The sintering phenomenon on the mesoscale is driven by surface tension on the melted binder,
and the homogenized effect of the surface tension is the so-called sintering stress. From the
macroscopic perspective, the specimen (green body) shrinks due to this volumetric sintering
stress. In the case of inhomogeneous initial density in the green body, the sintering can result
in unwanted final deformations.
2 THEORY
Finite elements and computational homogenization have been applied to a Representative
Volume Element (RVE) of the mesoscale. The melted binder is modeled as a Stokes flow, with
surface tension potential energy on the free surface. Hard inclusions are modeled by applying
a high viscosity. Different choices of boundary conditions are available on the RVE for the
prolongation. The advantage of the multiscale approach is that it can capture the complex
behavior of sintering with simple material models with measurable parameters.
The surface tension load can be expressed by a traction t on the free surface as
t = 2κγn (1)
where κ is the Gaussian curvature of the surface, γ is the surface tension coefficient and n is
the surface normal. Since the traction is geometry dependent, a tangent with respect to the
displacement also appears in the equations. Using the divergence theorem one can avoid the
second derivative in the FE-formulation, but the incompressible Stokes flow requires higher order
basis functions.
For the homogenization, extra care has to be placed on the formulation to fulfill the Hill-
Mandel condition. Since the internal boundary potential on the mesoscale gives rise to a discon-
tinuous stress, the common derivations for stress/strain homogenization do not apply directly.
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3 PRELIMINARY RESULTS
Numerical examples are evaluated for a 2D, fully coupled, FE2 problem as a proof of concept.
Taylor-Hood elements for the linear Stokes flow, and quadratic edge elements for the surface
tension, are employed for the mesoscale analysis. Linear triangular elements with one integra-
tion point are used on the macroscopic scale. Dirichlet boundary conditions are used for the
prolongation of the macroscopic strain rate. The geometry is deformed at the end of each time
step in the framework of an updated Lagrangian formulation. The model contains only two
material parameters, the viscosity ν and the surface tension γ, both set to unit value as they
will only scale the linear response.
The finite elements for both meso- and macroscale have been implemented in the open source
finite element code OOFEM1, and extensions will be available in future releases. The multiscale
step is carried out by implementing a special constitutive driver for the macroscopic scale.
This driver calls and solves a subscale finite element problem for the given macroscale strain,
whereafter the homogenized stress is calculated. This approach fits cleanly into the OOFEM
framework, and could be used to recursively perform any number of multiscale computations.
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Figure 1: Evolution of the free surface within an RVE and the corresponding pressure field
The first example, shown in Figure 1, concerns an RVE at a single macroscale integration
point. The outer boundary is fully prescribed and the liquid/binder-pore surface can be seen to
evolve. The negative pressure is represented as the sintering stress on the macroscale.
Figure 2: FE2 analysis of the constrained sintering of a specimen; “snapshots“ of two RVE’s at the start
and end of the process.
The second example concerns a coupled FE2-analysis, shown in Figure 2, where the lower
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boundary has been fully prescribed. Since the initial density can never go lower than around
0.84 in a 2D representation of this microstructure, the possible macroscale volume change is
quite limited.
4 DISCUSSION
A major obstacle is the representation of the evolving geometry. Remeshing is required to
keep a nice representation despite topological changes. To keep track of the multiple boundaries,
level sets are commonly used in free surface flows.
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